INTRODUCTION
Although techniques in orthopaedic surgery are continually improving, the risk of infection associated with orthopaedic surgery remains a problem. Infections involving implants are particularly challenging to treat and are associated with high morbidity rates and high monetary costs. (1, 2) Treatment for infected implants can range from the use of broad-spectrum antibiotics to the removal of the implant and execution of additional surgeries; all of these therapies involve additional time, money and risks. Although antibiotic-impregnated implants have been reported to successfully prevent infection in orthopaedic patients, there are concerns that the use of such implants may lead to increased bacterial antibiotic resistance. (3) (4) (5) Implant infection commences when bacteria adhere to the implant and reproduce to form a biofilm (6) that will, in turn, promote antibiotic resistance; this challenges the immune system and triggers the need for higher doses of antibiotics. (7) Sessile bacteria in biofilms are difficult to identify and treat. Current culture methods were developed to identify the planktonic bacteria of acute infections. However, most of the bacteria in implant-related infections are in a sessile state; that is, although these bacteria are viable, they cannot be cultured. (7) (8) (9) Biofilms have received increasing attention in the context of implant infections. Certain agents prevent the bacterial adhesion that is necessary for preliminary biofilm formation, while others corrupt the biofilm structure; some agents can pass through the biofilms to act on both the implant and the bacteria. An antimicrobial coating should ideally prevent bacterial adhesion, and thus halt biofilm formation. Vancomycin, a systemic antimicrobial, is an example of an agent that is able to penetrate biofilms. Antimicrobial peptides can also prevent bacterial adhesion. (3, 10) The present study aimed to evaluate the effectiveness of surgical screws coated with a novel antimicrobial that was designed to prevent bacterial adhesion, thus avoiding the formation of a bacterial biofilm. We hypothesised that these screws, which have never been used to fix bony tissues, would not be toxic to the bone and that they would help reduce the likelihood of infection, since bacteria are not able to reproduce on them.
METHODS
The present study was a small in vivo trial that was conducted using rabbits. All animal procedures were approved by the Institutional Animal Care and Use Committee of our faculty. A total of 16 New Zealand white adult male rabbits, aged 4-7 months and weighing 3,500-4,000 g, were reared in our animal laboratory. Anaesthesia was induced via subcutaneous injection of ketamine (40 mg/kg) and xylazine (7.5 mg/kg), and was maintained via isoflurane titration. All surgical sites were clipped to remove fur and sterilised with povidone-iodine.
The rabbits were divided into two groups (i.e. the control and experimental groups) of eight. Each rabbit from both groups had 
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a screw implanted in the supracondylar process of its left femur ( Fig. 1 ) via a lateral incision made using a 2.5-mm-diameter drill. The screws used for both groups measured 2.7 mm × 9 mm. Within each group, the same type of screw was inserted into the left femur of each rabbit. The screws used in the control and experimental groups were standard uncoated titanium screws and antimicrobial-coated titanium screws, respectively. The antimicrobial coating used consisted of polyvinylpyrrolidonepolyurethane interpolymers with non-leaching tertiary amine functional groups (Hydromer Duality EF50L; Hydromer Inc, Branchburg, NJ, USA). (11) This coating minimises the capacity of the bacteria to adhere to the screws and kills the few bacteria that are able to adhere. (12) On exposure to bodily fluids, the bacteria are rapidly killed by the electrostatic interaction between the cationic electrostatic force of the coating and the anionic bacterial outer membrane. (13) This interaction permeabilises the bacterial outer membrane, causing bacterial death. (13) Upon completion of the surgery, all wounds were closed and the rabbits were transferred to cages. All 16 rabbits received buprenorphine (0.01 mg/kg) and bupivacaine (1 mL, 0.25%) analgesia prior to the surgery. In addition, all 16 rabbits received postoperative buprenorphine (0.01 mg/kg); a fentanyl patch was also placed between the shoulders for the first three days after surgery to afford long-term continuous analgesia. The food and water intake of the rabbits was monitored, and free exercise was permitted twice daily. The dressings were changed daily and signs of local infection were noted.
After six weeks, all 16 rabbits were killed via high-dose intracardiac anaesthesia. Samples were taken from 3-cm lengths of all femora (including the surgical sites and the disarticulated distal ends) for histopathological and microbiological examinations. Samples were fixed in 10% (v/v) formaldehyde for 24-48 hours and, after decalcification in acid, cut into 4-µm-thick sections, embedded in paraffin blocks and stained with haematoxylin and eosin. Each piece of bone was received in the intramedullary in which it was cultured.
All specimens were evaluated by a pathologist who was blinded to the group assignment of the rabbits. Under a light microscope, the amounts of cortical and trabecular bone were noted. Additionally, the presence of necrosis, fibrosis and inflammation in the bone marrow, periosteum, ligaments and fatty tissue surrounding the screws was evaluated. The extent of necrosis, fibrosis and inflammation in the cortical bone, trabecular bone and bone marrow, and the presence of dead bone fragments was scored as 0 (none), 1 (mild), 2 (moderate) or 3 (severe).
We compared the scores of the two groups using Fisher's exact test. The alpha level was set at 0.05 and all tests were twotailed. MedCalc version 13.0.6.0 (MedCalc Software, Ostend, West Flanders, Belgium) was used for all analyses. The sample number was determined with reference to the expected frequency of bone necrosis (i.e. assuming that 10% of the experimental group and 90% of the control group would exhibit necrosis after six weeks). The use of eight rabbits per group afforded an 80% power to detect this difference (80 percentage points) with a Type I error of 0.05.
RESULTS
All 16 rabbits completed the study protocol. No external sign of infection was evident in any rabbit and none of the cultures grew bacteria. Although connective tissue developed in the bone marrow of four rabbits in the control group, the bone marrow was cellular and alive in all eight rabbits in the experimental group (Table I & Fig. 2) . Necrosis was evident in the fatty bone marrow of all bones from the control group (Fig. 3) , but it was evident in only two bones from the experimental group (p = 0.007; Table I ). In the experimental group, one bone exhibited mild inflammation. In the control group, three bones exhibited mild inflammation and two bones exhibited moderate inflammation ( Table I & Fig. 4) . The histopathological scores of the experimental group were significantly better than those of the control group (Table I) .
DISCUSSION
Implants are essential for joint replacement and fracture fixation. However, even when all precautions are taken, implant infection rates range from 1% to 2%, with higher infection rates reported for internal and external fracture fixations. (2, 14) Implant infections are associated with high levels of morbidity and mortality, and high monetary costs. (15, 16) An infection commences when bacteria adhere to an implant and reproduce, creating a protective biofilm and rendering diagnosis and treatment difficult.
(6-9) Thus far, efforts to prevent biofilm formation have involved the use of antibiotic cement, antibiotic coatings and other materials that inhibit bacterial reproduction. (1, 3, 17) As antibiotic cement cannot be used in all joint replacements, there is increased interest in the development of other materials that inhibit bacterial reproduction on implants. (4, 18) Such materials include silver and silver compounds, selenium and antimicrobial peptides. (5, (17) (18) (19) (20) Silver-or selenium-coated implants are effective (20, 21) but expensive; furthermore, the use 
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of such implants has been reported to result in cytotoxic side effects. (17, 19, 20) Thus, non-toxic and cost-effective substances are being developed. (17, 19, 20, 22) Broad-spectrum antimicrobial peptides can be used to destroy bacterial membranes, but these peptides are currently difficult and expensive to produce. (10) The major limitation of the present study is that it did not assess chronic toxicity. As the coating was neither absorbable nor soluble (11, 13) and no bacterial growth was observed, we did not screen blood samples for evidence of infection. In this evaluation of the potential cytotoxicity of a new antimicrobial coating for surgical screws in an animal model, we hypothesised that the screws would not be toxic to bone and that the likelihood of infection would be reduced since bacteria could not reproduce on the screws. The results (i.e. the lack of bony necrosis and lower levels of inflammation, necrosis and fibrosis in the experimental group) provided evidence that the coated screws were not cytotoxic. The coated screws were, however, associated with slightly poorer cortical and trabecular bone responses, but the between-group difference was not found to be statistically significant.
The antimicrobial coating was made of polyvinylpyrrolidonepolyurethane interpolymer featuring non-lysing tertiary amine functional groups. This coating has been shown to inhibit bacterial adhesion. (13) When the coating is exposed to bodily fluids, bacteria are destroyed by the electrostatic interaction between the cationic coating and the anionic bacterial outer membrane. This interaction increases the permeability of the bacterial outer membrane, damaging the membrane and killing the bacteria. (13) Selenium, which is a basic trace element, inhibits bacterial adhesion, and thus implant infections, by catalysing the formation of superoxide (O 2 -) radicals. (19, 20, 23) Although selenium has been shown to significantly reduce the adhesion of Staphylococcus epidermidis (S. epidermidis) and Staphylococcus aureus (S. aureus) to titanium discs, its antimicrobial effect remains to be established. (19) Stewart et al (24) fixed sheep tibial fractures with vancomycincoated titanium plates and infected the fractures with S. aureus. After three months, the authors observed that the vancomycin coating had inhibited S. aureus colonisation and supported bone formation. (24) Even though two studies by Antoci et al (25, 26) reported that S. epidermidis did not become resistant to vancomycin, a study by Darouiche et al (27) showed that vancomycin was not able to inhibit the growth of S. epidermidis to the extent desired. It is possible that the vancomycin could not effectively penetrate the biofilm, as local antibiotic levels are often lower than the minimal inhibitory concentrations. (24, 28) In such a situation, the bacteria become antibiotic-resistant by undergoing sensory changes and modulating gene expression.
While the development of bacterial resistance to antibiotic coatings (e.g. gentamicin and tobramycin) remains to be evaluated, silver coatings have been shown to be both costly and cytotoxic. (4, 17, 19, 20) Silver (ions or nanoparticles), which kills bacteria by attacking the thiol groups of the extracellular domains of membrane proteins, has been shown to be toxic to eukaryotic cells in vitro. The nanoscale dimension is a risk factor for dosedependent cell death, as no physical barrier prevents nanoparticle uptake by cells. (29) Since the antimicrobial coating used in our study did not use antibiotics, concerns regarding bacterial mutation, adaptation and resistance to antibiotics were not relevant. The antimicrobial coating used in our study permanently covers the surface of the screw and protects it from contact with bodily fluids. As the coating is neither absorbable nor soluble, bacterial growth is inhibited. (11, 13) The nanoparticle problem associated with silver coatings is also not relevant to this antimicrobial coating. As bacterial adhesion is not relevant, the effective dose requirements of antibiotic therapy or silver therapy are not of concern. Furthermore, the bactericidal process of the antimicrobial coating used in our study continues for as long as bodily fluids remain in contact with the implant.
To conclude, the findings of the present study provided evidence that titanium surgical screws coated with the polyvinylpyrrolidone-polyurethane interpolymer are associated with less necrosis than standard uncoated screws. The coated screws were also shown to not have cytotoxic side effects. It should be noted that less necrosis is not synonymous with reduced infection. Thus, further studies on polyvinylpyrrolidonepolyurethane interpolymer-coated screws and the effect of the use of these screws on infection rates are warranted.
